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ABSTRACT

COMPOSITIONAL ANALYSIS OF LUNAR AND PLANETARY
SURFACES USING NEUTRON CAPTURE GAMMA RAYS

The objective of this research program is to establish
the practicability of using neutron capture gamma rays as a
part of NASA's combined neutron experiment for lunar and
planetary surface analeis. To accomplish this task it is
necessary first to determine the feasibility of the analysis
of a semi-infinite material by means of the capture gamma-ray
technique using a pulsed high-energy neutron source, secondly
to assess the effect on sensitivity of integration with the
other neutron techniques, and lastly, to determine the
sensitivity of the technique under reasonable field conditions.

Computer calculations were performed using the one-
dimensional DTK neutron transport computer code assuming
an isotropic 14-MeV neutron source on the surface of a large
sample, to help in understanding the effects of composition,
density, hydrogen content, and partial moderators on the
thermal flux distribution within the sample., The results
predicted that, in the absence of a moderating material,
the flux of thermal neutrons increases with depth and reaches
a maximum at about 90 gm/cm2 below the surface of the sample,
If a paraffin reflector a few centimeters in thickness is
placed above the 14-MeV neutron source, however, the thermal
flux at the surface is greatly increased, and, in fact, has
its maximum value there, These computer predictions were
verified experimentally by measuring the thermal flux
distribution in a large sand sample both with and without a
reflector above the 14-MeV neutron source,

A parametric study was made to determine the effects of
such variables as the length of the sampling period, the
neutron pulse rate, etc., on the sensitivity of the capture
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gamma-ray technique. Results of this study have established
the feasibility of applying the capture gamma-ray technique
to the analysis of semi-infinite samples using a pulsed 14-MeV
neutron source, In addition, it was determined that a good
quality capture gamma-ray spectrum can be obtained under
the following conditions: 1) horizontal detector-source
geometry, with the detector located 27 cm from the source,
2) a 15-cm copper shadow shield located between the detector
and the source, 3) an 8-cm paraffin reflector located above
the source, 4) a 500-pps neutron pulse rate, and ‘5) one
250-psec sampling period after each neutron pulse (to obtain
capture gamma-ray data) and an equal sampling period just
before each neutron pulse (to obtain background data).

As a result of this study, then, it has been concluded
that the capture gamma-ray technique is feasible with a
pulsed source of high-energy neutrons and that certain
constraints on the combined neutron experiment would increase
the utility of this technique., Further study is required
to establish the sensitivity of the capture gamma-ray technique
in the combined experiment and to ascertain the compatibility
of these constraints with the other experiments to be

included,
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CHAPTER 1

INTRODUCTION

One of the objectives of the space program is to
ascertain the composition of lunar and planetary surfaces.
Such information is of great importance to those in the
scientific community who are concerned with the origin and the
evolution of the moon and planets. Unfortunately, it does not
appear that a significant number of samples will be returned
from the moon for detailed analysis in the foreseeable future,
and none will be available from the planets. Therefore,
remote analysis of these surfaces is required. It is for
this reason that NASA is presently developing a combined
neutron experiment(l) for compositional analysis.

Four different neutron analytical methods (inelastic
neutron scattering, capture gamma-ray analysis, activation
analysis, and thermal neutron die-away) are being integrated
into a single package, each of which is to utilize the same
gamma-ray detector, 14-MeV pulsed neutron source, and the
same multichannel pulse height analyzer. The four methods

differ in the neutron properties utilized, Prompt gamma
rays result from the inelastic scattering of fast neutrons
and have discrete energies characteristic of the scattering
nuclei., Capture gamma rays arise from the decay of excited
energy levels of a compound nucleus after the capture of a
neutron by a parent nucleus. The capture radiation is
characteristic of the compound nucleus. Activation gamma
rays are associated with the beta decay of radioactive nuclei
produced by either fast neutron reactions or thermal neutron
capture. The lifetime that the thermal neutrons exhibit

in a semi-infinite sample (die-away) is a measure of the
macroscopic neutron absorption cross section, which is a
function of the material composition and density.




Three of these methods (inelastic scattering, capture
gamma rays, and activation analysis) can provide elemental
analysis; two of the methods (capture gamma ray and neutron
die-away) can determine the presence of hydrogen, and one of
the techniques (neutron die-away) can give some indication of
the presence or absence of near-surface layering. Thus, the
combined neutron experiment will provide information on both
elemental composition and density.

The present report is concerned with the results of
feasibility studies on the capture gamma-ray portion of the
combined experiment. Measurements of the capture gamma-ray
spectrum from a large iron-sand sample have been made under
varying conditions using a pulsed 1l4-MeV neutron source and
a 3 in. x 3 in. NaI(Tl) gamma-ray detector. As a result of
these studies the following tentative conclusions have been
reached:

1) The feasibility of the analysis of a semi-infinite
material by means of the capture gamma-ray technique has been
established using a pulsed 14-MeV neutron source.

2) The capture gamma-ray experiment can provide an
analysis in the form of relative elemental abundances., Since

only a sample containing iron; silicon, and oxygen has bheen

examined thus far by this technique, the number of elements
that can be measured is as yet undetermined.

3) The oxygen-silicon ratio can be established by
cyclic activation. When more complex samples are examined,
other elements (such as Al or Mg) may also be detectable.

4) The capture gamma-ray technique is sensitive to
the material composition to a depth of 10 to 20 gm/cmz.

5) The compatibility of the four experiments has not
yet been firmly established. However, we are confident that,
with reasonable trade-offs, the capture gamma-ray experiment
can be made compatible with the other experiments.



In Chapter II the application of radiative capture of
thermal neutrons to elemental analysis is discussed, as well
as those areas that will require investigation if the
technique is to be applied to semi-infinite samples with the
aid of pulsed 14-MeV neutron sources.

In Chapter III the thermal neutron distribution that
results within a semi-infinite material when a high energy
neutron source is placed on the surface of the material is
described. This thermal neutron distribution was determined
both experimentally and by a one-dimensional neutron transport
calculation.

Chapter IV is a description of the equipment and
procedures that have been used in the capture gamma-ray
experimentation.

Chapter V contains a detailed account of the studies
that have been made to determine the effect of various
experimental parameters on the sensitivity of the capture
gamma-ray technique.

In Chapter VI the major areas that require further
study to establish the sensitivity of the capture gamma-ray
technique and the feasibility of the combined neutron experi-
ment are outlined.




CHAPTER II

THERMAL NEUTRON CAPTURE GAMMA-RAY ANALYSIS

For most elements, the (n,Y) reaction is the only nuclear
reaction which can occur when a sample is irradiated with
thermal neutrons. (A few light elements in which alpha
particle or protbn emission can occur and the fissionable
isotopes are exceptions.) Neutron capture leads to the
formation of a compound nucleus in an excited state, with an
excitation energy essentially equal to the neutron binding
energy (usually 5 to 8 MeV). Decay to the ground state occurs
promptly (within approximately 10-14 seconds), normally through
several intermediate energy states, by gamma-ray emission. As
a result of this decay through the intermediate states, neutron
capture gamma-ray spectra are, in general, complex. These
spectra, which are characteristic of the emitting isotope,
will consist of both high and low energy gamma rays.

For a thin sample, that is, for a sample which transmits
neutrons with little or no attenuation, capture gamma-ray
production is directly proportional to the total neutron
capture cross section of the sample. 1In a sample containing
several elements, the quantity o/A for each element (where o
is the thermal neutron capture cross section for a particular
element and A is its atomic weight) provides an indicator of
the relative sensitivities (measured in units of weight
percent) for measurement of those elements using a neutron
capture gamma-ray technique. Table 1 shows values of weight
percent multiplied by o/A for the elements occurring in
granite, andesites, basalt, and dunite. It must be emphasized
that the product (Wt percent)(oc/A) does not take into account
branching ratios, detection efficiencies, interferences, or
other effects, and is, therefore, an indicator only of the
relative numbers of neutrons captured by each element in the
sample.
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Laboratory Use of Capture Gamma-Ray Analysis With Thermal

Neutrons

It would be instructive to perform a capture gamma-ray
analysis in the laboratory on a sample which is similar to
lunar material, At this time, however, the only existing data
regarding the type of material to be encountered on the moon
are the gamma-ray spectral measurements made by the Soviet
lunar orbiter, '"Luna 10",

A, P, Vinogradov et al.(z) report that the potassium,
thorium, and uranium concentrations in those regions of the
lunar surface where measurements were made are close to the
composition of terrestrial rocks of basic composition (such
as basalt). Vinogradov does not exclude, however, the
possibility of the existence of ultrabasic (meteorite) matter
for these regions of the lunar surface. If one assumes that
the lunar surface has the composition of basalt, the elements
one would expect to detect, in order of decreasing "sensitivity"
as indicated in Table 1 would be iron, silicon, titanium,
calcium, aluminum, potassium, hydrogen, manganese, sodium,
and magnesium, The capture gamma-ray spectrum of basalt
obtained from a beam of thermal neutrons from a reactor

- 2
uicLue

it on a small sample of basalt, using a 3 in. x 3 in,
NaI(Tl) detector, is shown in Figure 1. 1Iron, silicon,
hydrogen, titanium, and possibly also aluminum, sodium, and
calcium are detectable.

To demonstrate the improved results attainable using-
presently available Ge(Li) detectors of much better resolution
(~ 3 keV FWHM) and small volume (1 cm3), the comparison
spectrum shown in Figure 2 was obtained. This basalt spectrum
taken with a Ge(Li) detector provides the data necessary to
obtain the relative concentrations of all the elements listed
in Table 1 except magnesium and oxygen.
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The complexity of capture gamma-ray spectra results in
many interferences between elements when a relatively low
resolution detector, such as NaI(Tl), is used. As can be
seen readily from a comparison of the two spectra, the improved
resolution obtainable from a Ge(Li) detector, as opposed to
that from a NaI(Tl) detector, greatly enhances the value of
the method by eliminating practically all such interferences.
However, since space-hardened Ge(Li) detectors are not as yet
available, the present feasibility studies were conducted
with a 3 in. x 3 in, NaI(Tl) detector of reasonable resolution
(7.2 percent FWHM at 0.662 MeV), Although this restriction
decreases the sensitivity of the capture gamma-ray technique,
Figure 1 demonstrates that valuable information can be
obtained even with a NaI(Tl) detector.

Capture Gamma-Ray Analysis Using Fast Neutrons

The capture gamma-ray technique has heretofore required
a thermal neutron source and small samples., Since the combined
experiment will use a pulsed 14-MeV neutron source and a
semi-infinite sample, the feasibility of the capture gamma-ray
technique under these conditions has been the subject of the
present study. There are a number of areas that have required

investigation:

1. The capture gamma-ray technique requires thermal
neutrons; therefore, a fraction of the 14-MeV neutrons
emitted from the source must be reduced in energy,
either by the sample itself or by some other means, to
provide a usable thermal flux within the sample. In
addition, it is desirable to determine the resultant
neutron flux distribution (both thermal and 14 MeV)
within a semi-infinite material, since it is this
distribution that determines the production of capture
gamma rays. The optimum detector position, as well as
the degree to which the gamma rays are attenuated and
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degraded, depends on the depth and the position in the
material from which these gamma rays originate,
Therefore, the effect of several parameters (density,
composition, hydrogen content, etc.) on the neutron
flux distribution within a semi-infinite material has
been examined qualitatively with a one-dimensional
transport computer code. The results of these calcula-
tions, as well as the experimental flux mapping of a
large sand sample, are discussed in Chapter III,

2, While neutron activation and neutron inelastic
scattering produce gamma rays of interest to other
portions of the combined experiment, these gamma rays
constitute background (or noise) for the capture gamma-
ray experiment; the interference they produce must
therefore be minimized., The pulsed nature of the neutron
source can be used to advantage in this regard.

The gamma rays associated with neutron inelastic
scatter are prompt, that is, they are present only
during the neutron pulse., The capture gamma rays,
however, reach a maximum intensity shortly after the
neutron pulse (as the neutrons are thermalized), then

A~ - - et et o | vy €73
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of the material (typically 200 usec). Interference
from the inelastic gamma rays can therefore be removed
by inhibiting the pulse height analyzer (PHA) during
the neutron pulse, while these gamma rays are present.
The gamma-ray spectrum immediately after each neutron
pulse can be sampled (by gating the PHA on) to obtain
the composite spectrum of the capture and activation
gamma rays.

The activation gamma rays, on the other hand,
generally exhibit a half-life which is long compared
to the time between pulses. Therefore, a build-up
in this type of activity occurs during the neutron

10




irradiation, and the decay between pulses is negligible.
A measure of the activation gamma rays (plus the cosmic
ray background) can be made by sampling the gamma
spectrum just before each neutron pulse, since most of
the capture gamma rays will have decayed away by that time.
Thus, by electronically controlling the PHA and by
proper choice of neutron pulse repetition rate, the
interference from the inelastic gamma rays can be
removed and the background produced by neutron activation
(and cosmic rays) can be separated from the capture
gamma rays.

Figure 3 illustrates schematically the behavior
of the three types of gamma rays as a function of time,
The time intervals S1 and S2 correspond to the times
during which the PHA will accept gamma ray counts for
the capture experiment. Appendix A shows how to optimize
the choice of S1 and S, to achieve the greatest accuracy
in the separation of the activation gamma rays from
the capture gamma rays.

3. Neutrons interacting with the Nal detector are
responsible for a portion of the measured background,

These neutrons can result in the production of

128 24

and Na™ ",
(b) capture gamma rays from iodine and sodium, and

(a) radioactive isotopes, primarily I

(c) neutron inelastic scatter gamma rays from iodine and
sodium, The effects of the inelastic scatter gamma rays
are readily eliminated by gating the PHA off during the
pulse, as described above. The experimentation that has
been performed to determine the shielding necessary to
minimize the production of radioactive isotopes and
capture gamma rays within the detector is discussed

in Chapter 1V,
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CHAPTER III

DETERMINING THE NEUTRON FLUX DISTRIBUTION
WITHIN A SEMI-INFINITE MATERIAL

The combined neutron experiment requires high energy
neutrons (> 11 MeV) for the inelastic neutron scatter and fast
neutron activation analysis portions of the experiment,

The capture gamma ray portion, however, requires the presence
of thermal neutrons. Since only one neutron source is to be
used in the combined experiment, it is necessary to determine
the thermal neutron flux distribution that results within

a semi-infinite material when a high energy neutron source is
placed on its surface. A discussion of the determination of
the thermal neutron flux distribution produced by a high
energy neutron source and the factors that influence the flux
distribution constitutes the content of this chapter,

The High-Energy Neutron Source

+

The T(d,n)He4 reaction is a primary source for the
production of neutrons with energies in the range 12 to 30 MeV,
Because of the large value of the cross section at a deuteron
energy of ~ 100 keV and the large Q value of 17.6 MeV, this
reaction is an ideal source for the production of 14-MeV
neutrons utilizing compact low voltage accelerators and thick
targets. 1In addition, the 14-MeV neutrons produced in this
reaction are essentially isotropic for deuteron energies
below 0.5 MeV.(3’4)

Furthermore, for deuterons whose energies are in the
hundreds of keV, the only level in He5 which can be populated
is at 16.70 MeV., Since gamma decay of this excited state
to the ground state of He5 is highly forbidden,land since no
levels exist in He5 below 16,70 MeV, the T(d,n)He4 reaction
produces neutrons with no gamma-ray contamination. For

13
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these reasons, the T(d,n)He4 reaction was chosen by NASA as
the source of neutrons to be used for the combined neutron
experiment,

Calculated Thermal Neutron Flux Distribution

The use of such a 14-MeV neutron source for a neutron
capture gamma-ray experiment requires the consideration of the
thermal neutron distribution that results within a semi-
infinite material when an isotropic source is placed on its
surface and the parameters that affect this distribution.

A neutron transport computer code (DTK) was used to
investigate these areas. This steady state one-dimensional
code, which was developed at Los Alamos Scientific Laboratory
(LASL), is based on the S method.(s) The calculations,
using 19 neutron energy groups, were made on the IITRI IBM 7094
computer, '

The one-dimensional calculations of the flux distribution
within a semi-infinite medium assume the geometry of Figure 4,
Since this geometry is only a rough approximation to the
actual experimental geometry (Figure 5), care must be exercised
in interpreting the results. However, these calculations are
helpful in determining the effects of composition, density,
hydrogen content, and reflector material on the general
features of the neutron flux distribution. These effects
will be treated separately below.

1. Effects of Composition and Density

The calculations of neutron flux distribution were
performed for three hypothetical materials (see Table 2),
with no paraffin reflector above the source.

14
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ONE DIMENSIONAL GEOMETRY USED FOR COMPUTER CALCULATIONS
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Table 2

ASSUMED SAMPLE COMPOSITIONS FOR COMPUTER CALCULATIONS

WeZ O We% Si We% Fe Wt% Mg  p(gm/cmd)

Material A 50 30 10 10 2.0
Material B 30 15 30 25 2.0
Material C 50 30 10 10 1.0

Figure 6 compares the calculated thermal neutron flux
distribution (flux as a function of depth) in materials
A and B. The maximum thermal neutron flux occurs at a
depth of about 45 cm independent of the bulk composition.
The magnitude of the thermal flux is lower in material B
than in material A because of the relatively large
thermal neutron reaction cross section of iron. Perhaps
the most significant result of these calculations is
that the thermal neutron flux reaches a maximum at an
appreciable distance below the surface (90 gm/cmz),
which implies that the bulk of the thermal neutron
capture gamma rays must penetrate relatively large
thicknesses of waterial il Lhey are to be observed.

The results of the comparison of materials A and C
suggest that, as one would expect, the density has no
effect on the depth (in gm/cmz) at which the thermal
neutron flux is maximum,

2, Effects of Hydrqgen Content

Since hjdrogen could be present on the lunar
surface in the form of water of hydration, calculations
have been made with the DTK code to determine the effect
a reasonable hydrogen concentration might have on the
thermal neutron flux distribution. As expected,
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hydrogen facilitates thermalization (see Figure 7). As
the hydrogen content increases, the maximum in the thermal
neutron flux distribution approaches the surface; however,
even with an assumed hydrogen concentration as high as

0.1 percent (~ 1 percent HZO)’ the peak in the thermal
flux is still about 70 gm/cm2 below the surface. Thus, it
can be concluded that the presence of hydrogen (within
reasonable limits) does not greatly perturb the thermal
flux distribution.

3. Effects of Reflector

With an isotropic neutron source placed above the
surface of a semi-infinite material, only half the
neutrons strike the material, the other half being lost
to the atmosphere. It would be highly desirable if a
technique could be found which would make use of these
neutrons. A low-Z material placed above the source
would reflect some of these neutrons into the surface,
thereby increasing the low energy neutron flux without
decreasing the fast neutron flux incident on the surface,
This increased low-energy neutron flux will increase
the sensitivity of the neutron capture gamma-ray
technique.

One-dimensional calculations were made using the
DTK code assuming the geometry to be that shown in
Figure 4. The results are shown in Figure 8. The
reflector was assumed to have the composition of light
water and to have variable thickness (0, 4 cm, 8 cm,
and 13 cm). The 8-cm results are not included in
Figure 8, since they are nearly indistinguishable from
the 13-cm thickness results., The calculations indicate
that the thermal neutron flux is greatly increased near
the surface and, in fact, is a maximum at the surface.
It is expected that this calculation may have large
errors associated with it because of the assumed geometry.
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THERMAL NEUTRON FLUX DISTRIBUTION
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This geometry results in a high probability for neutrons
to be scattered out of zone I (sample) into zone II
(reflector) where the neutrons may again scatter and be
returned to zone I. In the actual geometry, the
probability for this occurrence is quite small, since
the reflector has a small area. However, two conclusions
can be drawn: (1) a low-Z material above the neutron
source acting as a reflector will increase the thermal
flux at the surface, and (2) the thickness of a
hydrogeneous moderator need not be in excess of about
1.5 gm/cm2 of hydrogen.

Since the neutron flux distribution within a large
sample will exhibit axial symmetry (if the neutron emission
is isotropic or axially symmetric), far more realistic results
could be obtained if these calculations were performed using
two-dimensional transport theory. Several attempts were made
to apply the LASL two-dimensional neutron transport code DDK
to these calculations. These attempts were unsuccessful
because of difficulties in mesh point spacing and the very
large demands on core storage.

Since the one-dimensional calculations can provide only

i
a qualitative understanding of the effect of parameters such
as composition, density, hydrogen content, and partial
reflectors on the thermal neutron flux distribution, one must
resort to experimental techniques to get reliable quantitative

results,

Experimental Determination of the Thermal Neutron Flux

Distribution

The thermal neutron flux distribution within a large
sample was measured by foil activation. A 60 in. x 60 in. x 30 in,
sand sample provided a very convenient approximation to a
semi-infinite medium. The specifications supplied by the
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manufacturer indicated that the sand was kiln-dried and

contained 99.88 percent SiO2 with a density of 1.6 gm/cm3.
Initial measurements made on the sample showed that there
was < 0.45 percent H_O and that the material bulk density

3 2
was 1.74 gm/cm™.

Neutron activation foils* were placed at several locations

within the large sample. A combination of bare gold foils and
cadmium-covered gold foils was used for the thermal neutron
flux measurements. The 14-MeV neutron flux was measured by

a copper foil on the sample surface directly below the neutron
source. The IITRI Van de Graaff accelerator was used to
produce the required 14-MeV neutrons via the D-T reaction.

The first irradiation of these foils was made with the neutron
source positioned 15 cm above the sample. The copper foil

was counted and the 14-MeV neutron flux was determined in
accordance with the Texas Convention.(6) This same geometry
was used to count the gold foils and the cadmium-covered gold
foils for determining the thermal neutron flux distribution.

A summary of these measurements is presented in Table 3. The
thermal flux at the surface was too small to measure; only

an upper limit of 1 x 102 n/cm2 sec can be assigned., The
thermal flux increased with depth and reached a value

of 2.3 x 10° n/cmZ sec at 95 gm/cm‘. The 14-MeV neutron flux
incident on the surface directly below the source was

4.8 x 10° n/cm2 sec.

A second measurement of the thermal neutron flux was
made under the geometry described in Figure 5 with the neutron
source again positioned 15 cm above the sample. Paraffin 4 cm
thick placed only above the neutron source was used as the
reflecting material. The foil activation technique described
above was used to measure the resulting neutron flux distribu-
tion., The addition of the reflector had a pronounced effect

*The neutron activation foils were obtained from Reactor
Experiments, Inc., Belmont, California.

23



Table 3

THERMAL FLUX DISTRIBUTION IN SAND SAMPLE
WITHOUT PARAFFIN ABOVE THE SOURCE

Position Thermal Flux
(r,z) (n/cm2 sec)
(0,0) < 0.5 x 102
(0,8 cm) 0.5 x 10°
(0,16 cm) 3.5 x 102
(0,55 cm) 1.0 x 103

(14-MeV neutron flux at (0,0) - 2.1 x 105 n/cm2 sec)

24



.

.

on this distribution. The most important change was that the
thermal neutron flux at the surface was increased by a factor
of about 100. Details of the measured flux distribution
within the sample are presented in Figure 9 and Table 4.

To check the isotropy of the neutron source, copper
foils were placed at 0 degrees and 90 degrees with respect
to the deuteron beam. It was found that the flux at 0 degrees
was a factor of 2.6 higher than the flux at 90 degrees. Since
the neutron flux emitted at 90 degrees must pass through a
target holder composed of copper and aluminum, the difference
between the 0 degree and 90 degree flux could be due to
scattering in the target holder. The calculation performed
to estimate the loss in the 14-MeV flux due to scattering in
the target holder indicated that about one-half of the flux
is lost. Therefore, while the neutron output of the target is
approximately isotropic, the effective 14-MeV flux is peaked
in the forward and backward directions by scattering in the
target holder material,

Conclusion

The agreement between the computer predictions and the
experimental measurements is quite good., As predicted, the
thermal flux, in the absence of any reflector material, incrases
monotonically with increasing depth down to 95 gm/cmz. With
a 4-cm-thick paraffin reflector above the 14-MeV neutron
source, the thermal flux at the surface is increased by a
factor of 100 and has its maximum value there,
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IN SAND SAMPLE WITH 4 cm OF REFLECTOR
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AND SOURCE 15 cm ABOVE THE SAMPLE
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Table 4

THERMAL FLUX DISTRIBUTION IN SAND SAMPLE
WITH PARAFFIN ABOVE THE SOURCE

Position

gr,zz

(0,0)

(0,8 cm)
(0,16 cm)
(0,55 cm)

Thermal Flux
(n/ cm4 sec)

3.3
3.0
1.3
1.6

X 103
x 103
x 103
X 103

(14-MeV neutron flux at (0,0) - 2.1 x 105n/cm2 sec)
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CHAPTER IV

EXPERIMENTAL APPARATUS AND PROCEDURE

To establish the practicability of using thermal neutron
capture gamma rays as part of NASA's combined neutron experiment,
the determination of (1) the feasibility of analysis of a
semi-infinite material by means of the capture gamma-ray
technique using a pulsed 14-MeV neutron source and (2) the
effect on sensitivity of integration with the other neutron
techniques are required. Therefore, a parametric study was
made to determine the effect of a number of variables on the
sensitivity of the technique, A description of the experimental
apparatus and procedure used for this parametric study follows,
and the results are discussed in Chapter V.

Neutron Source

The IITRI Van de Graaff generator was used to produce
the 14-MeV neutrons for the capture gamma-ray experiments via
the T(d,n)He4 reaction. The Van de Graaff was operated in a
pulsed mode with an accelerating voltage of 0.5 MeV and a
beam current of 5 uamps. The positive voltage stability
is + 10 keV and the ion current stability is + 10 percent.

In the pulsed mode the rise and decay times of the pulses
are both less than 3 usec. The pulse rates and durations
that were used are 500 pps with 50 psec pulses and 1000 pps
with 10 usec pulses. An air-cooled, tritium-titanium target
with a 10-mil-thick copper backing was used.

With an accelerating voltage of 0.5 MeV, the theoretical
neutron output for the T(d,n)He4 reaction is approximately
1.4 x 108 neutrons/uamp-sec. Experimental results obtained
using copper activation foils (cf. Chapter III) indicated
that the actual output varied between 1.3 x 108 and 1.7 x 10
neutrons/pamp-sec. Because of this variation in the neutron

8
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output, a BF3 counter was used to monitor the neutron output
of the accelerator udring the capture gamma-ray experiments,
The BF3 counter was positioned under the large sample container
directly beneath the target, and measured the thermal neutrons
diffusing through the sample, Neutron output measurements
were performed using copper activation foils to obtain the
neutron output per BF3 count for each sample. Thus, for a
given sample, a BF3 count rate could be related directly to
neutron output., The calibration of the BF3 counter was
checked before and after each capture gamma-ray measurement
using a Pu-Be neutron source mounted in a fixed geometry,
source-counter holder.

Gamma-Ray Detection

The detection of the capture gamma rays was accomplished
by a 3 in. x 3 in. NaI(Tl) crystal optically coupled to a
RCA 8054 photomultiplier (PM) tube. Neutrons striking the
crystal can interact with the crystal, producing capture
gamma rays and gamma rays from the decay of radioactive
daughters (e.g., 1128). Both of these effects cause the
background count rate to increase. Therefore, it was
desirable to shield the crystal from both the 14-MeV and the
thermal neutrons. Several shadow shields in the form of
truncated cones of carbon and copper were studied to shield the
crystal from the 1l4-MeV neutrons emitted by the source. Also,
thermal neutron shields composed of boral (Al + B4C) and
Li6F were investigated, These studies consisted of measuring
the relative 1128 activity produced in the crystal while using
the various shields. Table 5 lists the results of these
investigations.

The most practical shield combination was found to be
a 6-in. copper shadow shield and a LiOF (47 m.g/cm2 Li6) thermal
neutron shield, The 6-in, copper shadow shield was chosen as
preferable to the 12-in., carbon shadow shield because the former
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Table 5

RELATIVE EFFICIENCIES OF SHIELDS FOR
NEUTRON SHIELDING OF THE CRYSTAL

Shield Configuration

Relative Shielding

Thermal Shield Shadow Shield Efficiency
None None 0.5
Boral None 0.7
LiGF None 0.7
Boral 6-in, carbon 0.9
Boral 12-in. copper 0.9
Boral 6-in, copper 0.9
Boral 12-in, carbon 1.0

- " - .
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would permit the crystal to be located closer to the neutron
source, The LiGF thermal neutron shield is preferable to the
boral shield because the latter requires the addition of 1/2 in.
of lead between the crystal and the boral to shield against

the 0.477-MeV gamma ray emitted following thermal neutron
capture in boron.

Data Collection

The signal from the PM tube was applied to a solid state
preamplifier of unity gain mounted on the base of the detector.
The schematic for this preamplifier is shown in Figure 10.

The output from the preamplifier was applied to a 512 channel
pulse height analyzer (Nuclear Data, model 130). Signal
amplification was accomplished through the amplifier internal
to the analyzer. A 2000-volt high stability power supply
(Hamner model N401) was used to supply high voltage to the
PM tube.

Initially, the analyzer was gated on (via the coincidence
input) for a preset time after each neutron pulse (e.g., 250 psec
to 450 psec after the beginning of the neutron pulse) with a
dual time base Tektronix model 547 oscilloscope. The capture
gamma-ray data were accumulated in the first half of the
analyzer memory (channels 1 to 255). The timing cycle was
initiated by using the pulse from the A gate of the
oscilloscope used to monitor the accelerator beam pulses. A
second run was then made to obtain a background spectrum. For
this run, the analyzer was gated on for a preset time just
before each neutron pulse (e.g., 1750 usec to 1950 psec after
the previous neutron pulse for a 500 pps pulse rate), and
background data were accumulated in the second half of the
analyzer memory (channels 257 to 511). The final background-
corrected capture gamma-ray spectrum was obtained by
subtracting the spectrum in the second half of the analyzer
memory from the spectrum in the first half, after normalizing
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to the total neutron output from the BF3 monitor during the
capture gamma-ray run,

This method of gating the analyzer with the Tektronix 547
had several drawbacks. Separate runs were necessary for
collecting the capture gamma-ray data and the background
data, thereby doubling the time necessary for the collection,
Since the neutron output of the accelerator can differ during
the two runs, the spectra had to be normalized to a given
neutron output before background subtraction could be
accomplished. Also, only a few sample duration times could
be obtained using preset positions on the oscilloscope controls.
Most sample duration times and all delay times had to be set
using continuously variable controls. This method introduced
errors in the accuracy of the determination of these time
intervals,

These drawbacks in the method of gating the analyzer led
to the design of the analyzer sequence switch (see Figure 11,
lla, 11b). Instead of using the model 547 oscilloscope,
the A gate pulse was fed directly into the sequence switch
which controlled both the gating of the analyzer (via the
coincidence input of the analyzer) and the routing of the
signal pulses (via the Set to 0 and Set to 256 inputs of the
analyzer)., The Set to 0 input is used to route the signal
into the first half of the analyzer memory and the Set to 256
input is used to route the signal into the second half of the
memory. Delay and sample times were then achieved using known
capacitors whose effects on the time intervals were measured
using an "events per unit time" meter. Figure 12 is a block
diagram showing the operation of the detector and associated
electronics.

The analyzer sequence switch affords two modes of operation:
"normal" and "alternate'". In the '"mormal'' mode both capture
gamma-ray and background data are collected after every neutron
pulse, while in the "alternate" mode capture gamma-ray data
and background data are collected alternately after successive
neutron pulses.
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The gating for the '"normal' mode results in trace B of
Figure 13 being fed into the analyzer coincidence input. As
shown by this trace, the analyzer is gated on for a duration
Dy after a delay DS after the beginning of each neutron pulse,
The capture gamma-ray data collected during this interval are
stored in the first half of the analyzer memory. Then (still
after the same neutron pulse) the analyzer is gated on again
for a duration D,y after a delay Db (Db > DS) after the beginning
of the neutron pulse., The background data collected during
this interval are stored in the second half of the analyzer
memory. Thus, in this mode capture gamma-ray and background
data are collected after every neutron pulse and stored in
different halves of the analyzer memory.

The gating for the "alternate" mode results in trace C
of Figure 13 being fed into the coincidence input of the
analyzer, As shown by this trace, the analyzer is gated on
for a duration Dy after a delay Ds after the beginning of the
first neutron pulse, and the capture gamma-ray data are stored
in the first half of the analyzer memory. After the next
neutron pulse, the analyzer is gated on for a duration Dy
after a delay Dy (Db > DS), and the background data are stored
in the second half of the analyzer memory. The next neutron
pulse initiates the cycle again. Thus, capture gamma-ray
data and background data are collected after the appropriate
delays after alternate neutron pulses and stored in different
halves of the analyzer memory.

Since the 'mormal" mode collects data twice as fast as
the "alternate" mode, it was used in the parametric study.

The "alternate' mode would be used only when the time interval
between samples [Dy - (DS + Dd)] is shorter than the time
necessary for the analyzer to accept and store a pulse

(~ 150 usec).
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Expgrimental Sample

The 60 in. x 60 in. x 30 in. sand sample described in
Chapter III was used for the capture gamma-ray measurements.
Thermal neutron capture gamma-ray spectra from a sample of the
sand (Figure 14) and from a sample of pure silicon (Figure 15)
were obtained using thermal neutrons from the IITRI Research
Reactor (for details of the procedure, see Reference 7).

Since only silicon capture gamma-ray lines are observed in
Figure 14, it can be concluded that the sand contains no
significant amounts of contaminants that produce interfering
capture gamma-ray lines.

The first series of capture gamma-ray spectra from the
large sand sample taken using the pulsed 14-MeV source of
neutrons resulted in the silicon capture gamma rays being
nearly obscured by the 016(n,p)N16 fast activation gamma rays.
Under these conditions, the silicon capture gamma rays are
difficult to use for the study of the effects of various
parameters on the detectability of the capture gamma rays.
Therefore, iron (in the form of 1/8-in.-thick plates) was
added to the sand sample to facilitate the parametric study.
The iron capture gamma-ray spectrum (see Figure 16) contains a
strong 7.64-MeV gamma ray which, being higher in energy than
the 016(n,p)N16 gamma rays, is not obscured by the oxygen
activation. The resulting active volume of sample matrix
(iron-sand-1) contained 20 percent iron, 43 percent oxygen
and 37 percent silicon,

To facilitate the detector-source geometry phase of the
paraﬁetric study, a second iron-sand matrix (iron-sand-2) was
used. In iron-sand-2, a uniform layer of iron was located 5 cm
below the surface of the sand. A third iron-sand matrix
(iron-sand-3) was also used. This sample resembles iron-sand-1l
in iron content but differs élightly in the placement of the
iron plates with respect to the source and the sides of the
sample container,
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CHAPTER V

PARAMETRIC STUDY RESULTS

A number of parameters affect the quality of the capture
gamma-ray spectra obtained using 14-MeV neutrons and a semi-
infinite sample. Some of these are the length of the sampling
period, the neutron reflector thickness, the detector-source
geometry, and the neutron pulse rate. The optimization of
each of these parameters will be discussed individually.

Length of Sampling Period

Since the intensity of the capture gamma rays decreases
as a function of time after the neutron pulse while the intensity
of the background is essentially constant (the 7.4-sec half-life
of N16 is long compared to the time between neutron pulses),
the length of the sampling period can be chosen to minimize
the fractional statistical error in the observed signal after
background subtraction. The determination of this optimum
sample duration is discussed in Appendix A.

To determine the optimum length of the sampling period,
the thermal neutron lifetime in the sample must be known,
This was determined experimentally by observing the number
of counts in the 7.64-MeV Fe(n,vy) peak as a function of time
after the neutron pulse. With a sample duration of 50 usec
and delays varying from 250 usec to 1900 usec, the thermal
neutron lifetime was found to be 282 usec in iron-sand-1 sample
matrix and 155 psec in iron-sand-3 sample matrix, The difference
in the thermal neutron lifetimes in the two samples was caused
by the different placements of the iron plates in the sand.

The value of the signal-to-noise ratio, No/B, must also
be known to determine the optimum length of the sampling period.
N_ is the signal count rate at the beginning of the sampling

o}
period, and B is the background count rate (assumed to be

44




" W e = S & e
.

constant). The signal-to-noise ratio was measured to be
approximately two for the 7,64-MeV Fe(n,y) line at a pulse rate
of 500 pps. This measurement was performed by obtaining

@D N,» the number of counts in the 7.64-MeV Fe(n,vy) peak
recorded in an interval 200 usec long, delayed 250 psec after
the neutron pulse, and (2) B, the background recorded in an
interval 200 usec long, delayed 1700 psec after the neutron
pulse. If the neutron output per pulse remains the same,

it is assumed that the background at a 1000 pps pulse rate
will be twice that observed with a 500 pps rate, while the
capture gamma rays per pulse remain constant (see Appendix A).
Therefore, a signal-to-noise ratio of unity is assumed for
the 7.64-MeV (n,7v) line with a pulse rate of 1000 pps.

With the method of Appendix A and the above values for
T and NO/B, it was found that, although an optimum length of
the sampling period exists, the fractional error in the signal
is quite insensitive to the length of the period. This was
found to be true for both values of the thermal neutron
lifetime (282 psec and 155 usec) and for both pulse rates
(500 pps and 1000 pps).

To facilitate a direct comparison between the two pulse
rates for subsequent parametric measurements, it was decided to
employ a common sample duration. It is clear that this
procedure is justified when one considers that the previous
results showed that the sample duration is not critical. The
only constraint on the sample duration is that it must be
shorter than the maximum length which can be used at the 1000 pps
pulse rate. If a background sample is also taken, the necessary
250-usec delay after the neutron pulse and the analyzer dead
time means that the maximum length of the sampling period is
250 psec. For convenience, theé 200-psec sample duration, which
was a precalibrated setting on the oscilloscope, was used when
the analyzer was gated by the Tektronix 547 oscilloscope. When
the analyzer sequence switch was used for the gating, a sample
duration of 230 usec was used because of the availability of a
stable:capacitor giving this duration.
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Neutron Reflector Thickness

To determine the optimum thickness of the neutron
reflector and the effects of placing a low-Z material
between the neutron source and the sample, capture gamma-ray
spectra were obtained using several thicknesses of paraffin
located both above and below the neutron source. For each
case, the relative intensity of the iron capture gamma rays
and the relative spectral quality of the spectrum were
calculated. The relative intensity of the iron capture gamma
rays was determined by integrating the number of counts under
the 7.64-MeV Fe(n,vy) peak per unit 14-MeV neutron output.

The relative spectral quality was obtained by taking the ratio
of the number of counts under the 7.64-MeV Fe(n,Y) peak to the
number of counts under the 6.13-MeV O(n,p) peak. The relative
spectral quality, therefore, is a measure of the dominance

of the capture gamma rays over the oxygen activation gamma
rays. A low value for the spectral quality indicates that

the oxygen activation gamma rays dominate the spectrum,

The results of the reflector determination are contained
in Table 6. They show that 4 cm of paraffin located above the
source increases the Fe(n,vy) intensity by more than a factor
of two and the spectral quality by about 50 percent over the
case with no paraffin above the source, If 8 cm of paraffin
is located above the source, the Fe(n,vy) intensity is increased
by about a factor of four and the spectral qualtiy by about a
factor of two over the case with no paraffin. The spectra
obtained using 0, 2, 4, and 8 cm of paraffin above the source
are shown in Figures 17 to 20.

The results of the measurements made with paraffin
between the source and sample (Table 7) indicate that the
Fe(n,y) intensity and spectral quality show only a slight
increase when paraffin is placed between the neutron source
and the sample. Since a moderator between the neutron source
and the sample is only slightly beneficial to the capture
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Table 6

THE EFFECT OF A" REFLECTOR ABOVE THE
NEUTRON SOURCE ON SPECTRAL RESPONSE

Thickness of Relative Spectral Relative Intensity
Paraffin (cm) Quality Fe(n, )

0 10.30 30

2 0.40 50

4 0.45 : 70

6 0.60 90

8 0.60 120

(No moderator between target and sample.)
(
\
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Figure 20
-RAY SPECTRUM OF IRON-SAND SAMPLE
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gamma-ray experiment and is quite detrimental to the inelastic
scattering experiment, it -will not be used, However, a neutron
reflector located above the source greatly increases the
sensitivity of the capture gamma-ray technique and has been
incorporated into the experiment.

Detector-Source Geometry

Two types of detector-source geometries have been
considered, horizontal and vertical. In the horizontal
configuration, both the source and detector lie in a horizontal
plane located a given distance above the surface of the sample.
In the vertical configuration, the source and detector lie in .
a vertical plane with the detector located above the source,
Both configurations are shown in Figure 21.

For experimental comparison between the two types of
geometries, the iron-sand-2 sample matrix was used. The
measurements were made with a 8-cm-thick paraffin reflector
located above the neutron source and the source located 5 cm
above the surface of the sample. For each geometry, two differ-
ent source-to-crystal distances were used, 37 cm and 52 cm
with the horizontal geometry, and 32 cm and 47 cm with the
veriical geometry. DPlots cf the spectra (both capture gamma
ray and background) obtained are shown in Figures 22 to 25.

For each geometry and source-to-crystal distance, the
relative Fe(n,v) intensity and the spectral quality index were
measured, The relative Fe(n,y) intensity was obtained by
integrating the number of counts under the 7.64-MeV Fe(n,Y)
peak after background subtraction and then normalizing to a
given 14-MeV output. The spectral quality index denotes the
ratio of the Fe(n,y) to O(n,p) gamma-ray intensities, It is
obtained by taking the ratio of the counts under the 7.64-MeV
Fe(n,vy) peak after background subtraction to the counts under
the 6.13-MeV O(n,p) peak in the background (long delayed
spectrum), The results listed in Table 8 indicate that the
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horizontal geometry is superior to the vertical geometry,

and that decreasing the source-to-detector distance increases
both the Fe(n,y) intensity and the spectral quality index.
Theoretical values of the spectral quality index, calculated
according to the method of Appendix B, are also listed in
Table 8; they give the same results as the experimental
measurements.

For the case of horizontal geometry with a source-to-
detector distance of 52 cm, a 4-in.-thick lead shield was
placed between the source and the shadow shield. The lead
shields the detector from the region of the sample directly
below the source. The spectrum obtained with this configuration
is shown in Figure 26; the relative Fe(n,y) intensity and
spectral quality index are listed in Table 8. A comparison
of the results of the 52-cm horizontal configuration with and
without the 4-in. lead shield shows that the addition of the
lead shield tends to decrease only slightly the Fe(n,v)
intensity, while increasing the value of the spectral quality
index. This suggests that the active volume for the production
of detectable activation gamma rays is located near the source,
while the active volume for production of detectable capture
gamma rays is located close to the detector. This conclusion
is consistent with the theoretical calculations of Appendix B,
‘ The detector-shadow shield-neutron source configuration
suggested at the Sandia meeting was also investigated, This
is a horizontal geometry configuration employing a 6-in,
copper shadow shield with a 2-in., gap between the target and
the shadow shield and a 1-in., gap between the shadow shield
and the detector. Measurements using this geometry with
both 4-cm and 8-cm neutron reflectors were made on the iron-
sand-3 sample matrix. The spectra obtained are shown in
Figures 27 and 28. As shown by the Fe(n,Yy) intensity and the
spectral quality index for these configurations (cf. Table 7),
the 27-cm base with a 8-cm neutron reflector produced the best
capture gamma-ray spectrum,
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4 in,
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Figure 27

CAPTURE GAMMA-RAY SPECTRUM OF IRON-SAND SAMPLE OBTAINED USING
SANDIA GEOMETRY WITH 4cm PARAFFIN ABOVE TARGET
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Figure 28

CAPTURE GAMMA-RAY SPECTRUM OF IRON-SAND SAMPLE OBTAINED USING
SANDIA CEOMETRY WITH 8cm PARAFFIN ABOVE TARGET
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Addition of Neutron Absorber to Reflector

A reflector located above the neutron source is very
beneficial to the capture gamma-ray experiment, as shown by
the results in Table 6. However, the reflector is apparently
detrimental to the neutron die-away expefiment becauée
thermal neutrons tend to leak out of the reflector for extended
periods of time after the neutron pulse. To- decreéase this
thermal neutron leakage, 0.8 percent boron carbide was added
to the 4-cm reflector. This amount of boron carbide increases
the thermal neutron capture cross section of the reflector
by a factor of ten. |

Capture gamma-ray measurements were taken with the
iron-sand-3 sample matrix using the 27-cm horizontal geometry
and the 4-cm boronated paraffin reflector. The spectrum
obtained is shown in Figure 29. Analysis of this spectrum

indicates that the relative Fe(n,Y) intensity is 62 and the

spectral quality index is 0.19. Since the same geometry

with 4 cm of normal paraffin produced a relative Fe(n,Y)
intensity of 140 and a spectral quality index of 6.48,.the
addition of a strong thermal neutron absorber to the reflector
is clearly detrimental to the capture gamma experiment and is

roughly

Neutron Pulse Rate

- - - - - - - '- - - - - - - - - - "

The analysis performed in Appendix A indicates that the
neutron pulse rate strongly affects the quality of the capture
gamma-ray data. The ratio of capture gamma-ray count rate
to the neutron activation gamma-ray count rate (spectral
quality index) was found to vary inversely with the neutron
pulse rate., To check this point experimentally, capture
gamma-ray measurements were performed with a 1000 pps pulse
rate on the iron-sand-3 sample matrix with the 27-cm horizontal
geometry and a 4-cm paraffin reflector above the neutron source.
The spectrum obtained is shown in Figure 30. For this spectrum,
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Figure 29

CAPTURE GAMMA-RAY SPECTRUM OF IRON-SAND SAMPLE OBTAINED USING
SANDIA GEOMETRY WITH 4cm BORONATED PARAFFIN ABOVE TARGET
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Figure 30

CAPTURE GAMMA-RAY SPECTRUM OF IRON-SAND SAMPLE OBTAINED USING
SANDIA GEOMETRY WITH 4cm PARAFFIN ABOVE TARGET AND 1000pps PULSE RATE
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the spectral quality index was found to be 0.14. Comparison
of this result with that obtained using the same geometry
and a 500 pps pulse rate (cf. Table 8, Figure 27) indicated
the spectral quality index decreased by almost a factor of
three, This result tends to support the dependence of the spectral
quality of the capture gamma-ray spectrum on the neutron pulse rate.
Comparing Figures 27 and 30 leads to the additional
conclusion that the neutrons from the source were not being
efficiently utilized. About twice as many counts were
recorded in the 1000 pps spectrum (Figure 30) than in the
500 pps spectrum (Figure 27), while fewer neutrons were used
in obtaining the 1000 pps spectrum. Also, the number of counts
recorded in both of these spectra is about equal to the number
of neutron pulses that occurred in the course of obtaining the
data. Thus, it appears that the number of counts recorded
is proportional to the number of neutron pulses rather than
to the number of neutrons used. This appears to result from
the fact that, in general, the pulse height analyier will not
handle the signal from more than one or two gamma rays per
sampling period, as the duration of each sampling period is
only 230 psec and the PHA may require as much as 160 usec to
record a pulse, Therefore, additional pulses arriving during
the sampling period will be rejected by the PHA and will not
be recorded. To use the neutron output from the source effi-
ciently, the number of neutrons per pulse must be reduced to
the point where the number of counts recorded is proportional
to the number of neutrons used. ‘

Summarz

It was determined that a good quality thermal neutron
capture gamma-ray spectrum (Figure 28) can be obtained. from a
bulk sample using a pulsed 14-MeV neutron source., However,
to obtain such a spectrum, the optimization of several
parameters had to be considered: the length of sampling
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period, the neutron reflector thickness, the detector-source
geometry, and'the neutron pulse rate,

From theoretical calculations it was determined that,
although an optimum sampling period exists (for a given sample
and neutron pulse rate), the quality of the capture gamma-ray
spectrum is insensitive to the length of the sampling period.
Therefore, a sampling period of 250 psec duration, which could
be used successfully with neutron pulse rates between 500 pps
and 1000 pps, was selected.

The results of both predicted and experimental thermal
neutron flux distributions in the sample and the results of
capture gamma-ray measurements indicate that a neutron reflector
located above the source is very beneficial to capture gamma-ray
measurements, However, this reflector is detrimental to the
die-away experiment. The addition of 0.8 percent boron carbide
to the reflector to make the reflector more nearly compatible
with the die-away experiment resulted in the nullification of
the benefits of using the reflector.

Horizontal and vertical detector-source geometries were
investigated. It was determined both theoretically and
experimentally that horizontal geometry with a short source-to-
detector distance is the best. It was also found that the
active volume for the production of detectable activation
gamma rays is located near the source, while the active volume
for production of detectable capture gamma rays is located
nearer the detector.

Theoretical results indicated that the 500 pps pulse rate
should give better capture gamma-ray spectra than the 1000 pps
pulse rate, Experimentation supported this prediction.
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CHAPTER VI

AREAS REQUIRING FURTHER STUDY

While the present study has established the feasibility
of applying the capture gamma-ray technique to the analysis
of large samples using a 14-MeV pulsed neutron source, there
remain several areas related to the optimization and expected
sensitivity of the capture gamma-ray experiment, especially
in conjunction with the other experiments, that will require
further investigation.

The studies discussed in the preceding sections were
conducted using a nonhomogeneous iron-sand sample. While
this sample was probably adequate for determing the effect
that several of the experimental parameters may have on the
recorded spectrum, it is impossible to determine the ability
of the technique to measure the relative concentrations of
elements other than iron, silicon, and oxygen with this sample.
Large samples of several rock types (such as granite and basalt)
will be required to provide a means to determine experimentally
the sensitivity of the capture experiment (cyclic activation
can also be studied),

In the preceding studies, the number of neutrons produced
by the Van de Graaff during each pulse was much larger than
optimum for the capture gamma-ray experiment. This resulted
in the inefficient use of the neutrons as well as possible
degradation of the capture gamma-ray spectrum. As discussed
in Appendix A, the gamma-ray detector requires about 200 usec
after a neutron burst to recover and operate properly. It
is likely that,; if the number of neutrons per pulse is reduced
substantially, this overloading of the detector system could
be greatly reduced, if not eliminated entirely. Experimentation
is required to establish the optimum number of neutrons that
should be produced per neutron burst and the effect that this
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change would have on the resulting capture gamma-ray spectrum,
(Presently it is expected that about 1 x 103 neutrons per
pulse would be acceptable.)

The use of a neutron reflecting material, such as
paraffin, placed above the neutron source has been found to
increase greatly the sensitivity of the capture gamma-ray
experiment, This is accomplished by increasing the low-energy
neutron flux near the surface without perturbing the fast
neutron flux (> 11 MeV). Such a reflector apparently does
not interfere with either the neutron inelastic scatter exper-
iment or the activation analysis experiment. However, the
presence of low-Z material in the vicinity of the target
would make the measurement of the epithermal die-away in the
sample very difficult, if not impossible.(8) This interference
will require more study by both participating investigators
to determine methods by which this problem can be circumvented.
At present, the position which IITRI assumes is that, while
the presence of this reflector is not absolutely essential to
the capture gamma-ray experiment, it is highly desirable.

There are a number of other experimental parameters that
can affect the sensitivity of the capture gamma-ray experiment.
The investigators concerned with the individual experiments
and the engineers converned with the hardware for the combined
experiment must come to an agreement on several critical items
before a meaningful estimate of the sensitivity (in the combined
experiment configuration) can be made for any of the individual
experiments.

It is felt that resolution of the following parameters
is a necessary prerequisite to further experimental investigation
regarding total combined experiment capability and sensitivity.

1. Experimental Configuration:

a, Distance between detector and neutron source;
b. Height of source and detector above sample surface;
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c. Amounts, types, and positions of neutron
shielding (thermal and fast);

d. Amounts, types, and configurations of support
structures required for integration of the
several experiments,

2, Hardware Characteristics:

a. Neutron generator - pulses per second,
neutrons per pulse, pulse duration, pulse
timing signal;

b. Pulse height analyzer - dead time, pulse
routing capabilities, stability;

c. Detector resolution;

d. Amplifier and preamplifier - overload
characteristics, recovery time, stability.

3. Data Collection:

a. Time-sharing feasibility of the pulse height
analyzer;

b. Number of neutrons available for each
experiment

If agreement concerning these experimental parameters is
reached and the studies mentioned above are completed, it is
felt that the sensitivity of the capture gamma-ray technique
can be determined and the feasibility of the combined neutron
experiment can be established with confidence,
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APPENDIX A

OPTIMUM SAMPLING PERIOD

When using a pulsed source of neutrons, the intensity of
the capture gamma rays emitted from a sample will decrease as
a function of time after the neutron pulse, The rate of this
decrease in intensity depends on the thermal neutron lifetime
in the sample. However, the intensity of the natural background
will remain constant with time. Also, if the time between
neutron pulses is short compared to the half-life of any
radionuclide produced by activation, this induced radioactivity
will quickly reach a state of equilibrium and will thereafter
remain approximately constant, This is the case encountered
when using a pulsed 14-MeV neutron source for capture gamma-ray
analysis of a geological sample, i.e., the background is constant
with time since it is due primarily to the decay of N16 (7.35 sec
half-life). Therefore, it should be possible to optimize the
duration of the sampling period so that the fractional error
in the observed capture gamma-ray signal is minimum. The
derivation of an expression for this optimum sampling period
and a discussion of its application to the experimental cases
follow,

Assume that the analyzer is gated on for a time interval
t beginning at a predetermined time after the neutron pulse
(the beginning of the interval being determined by the time
required to let the detector recover from the neutron pulse).
Then the counts observed during the sampling period will be

-t/T

C = N 7(1-e""'") + Bt, (A-1)

where No is the signal count rate at time zero, B is the
background count rate (in the same energy region as the signal)
which is assumed to be constant, and T is the mean lifetime of
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the thermal neutrons in the sample. The observed signal, S,
is

S = NOT(l-e't/T) . (A-2)

The error in S is (C + Bt)1/2 and the fractional error in S
is (C + Bt)1 2/S. It can be shown that the fractional error
in S is a minimum when the following equation is satisfied:

N
-1=5 g2 (-7 4+ 2t (A-3)

The minimization of the fractional error in S is used as the
criterion for the optimization of the counting period.

The optimum sampling period, t, can be determined as a
function of the signal-to-noise ratio, NO/B. As examples,
consider the two cases where T = 282 usec and T = 155 usec.

The results, given in Figure A-1, show that No/B is a finite
positive number only for a small range of sample periods.
Therefore, the minimization of the fractional error for all
possible signal-to-noise ratios can be accomplished only within
this small range of sample periods.

Consider the four cases which were investigated
experimentally: (a) T = 282 usec, 500 pps pulse rate;

(b) T = 155 usec, 500 pps pulse rate; (c¢) T = 282 psec, 1000 pPPS
pulse rate; (d) t = 155 usec, 1000 pps pulse rate, The signal-
to-noise ratio, NO/B, was measured to be approximately two

for cases (a) and (b) (500 pps pulse rate). This was done by
obtaining the ratio of the number of counts in the 7.64 MeV
Fe(n,v) peak during the period 250 to 300 psec after the
neutron pulse to the number of counts in the same energy

region during the period 1900 to 1950 usec after the neutron
pulse.

In the capture gamma-ray experiment using a pulsed 14-MeV
neutron source, the capture gamma ray count rate per second,
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R will be

r]/’

RfY = K’Y nf’ (A"4)

where KT is a constant, n is the neutron output per pulse, and
f is the pulse rate. Ry, the background count rate per second

from the decay of N16, will be
Ry, = K o f, (A-5)

where Kb is a constant and ¢ is the average 14-MeV neutron

flux seen by the sample during several N16 half-lifes., Since
¢ « nf,
! 2
R, =K, nf", | (A-6)

where KL is another constant. Thus, R, varies with the square
of the pulse rate (for a constant number of neutrons per
pulse), as both the sampling rate and the N16 level are
proportional to the pulse repitition rate, The signal-to-noisé
ratio will be, therefore,

N

_R__
i

K, | ' (A-7)

where K = KY/K;. Equation (A-7) shows that the Signatho-noise
ratio is inversely proportional to the pulse rate and is
independent of the number of neutrons per pulse. For cases
(¢) and (d) (1000 pps pulse rate), then, No/B will be assumed
to be unity.

From equation (A-3) andvthe}above values for NO/B the
optimum sampling times for the four cases were found to be




Case Optimum t
a 450 usec
b 250 usec
c 410 psec
d 255 usec,

Therefore, the optimum length of the sampling period is sensitive
to the thermal neutron lifetime,

Since in lunar and planetary applications both the thermal
neutron lifetime in the sample and the signal-to-noise ratio
will be unknown, the sensitivity of the fractional error in
the observed signal, S, as a function of t and NO/B must be
determined, The results for the four cases are:

Case (a) T = 282 usec, NO/B = 2 (500 pps pulse rate)

t Fractional Error
in S
250 usec 86.9 p-1/2
450 psec (Optimum) 81.7 B'l/2
500 psec 81.8 -1/2

Case (b) T = 155 usec, No/B = 2 (500 pps pulse rate)

t Fractional Error
in S
200 usec 111 B~1/2
250 usec (Optimum) 110 B"l/2
300 usec 111 B~1/2

Case (c) 7 = 282 psec, N /B = 1 (1000 pps pulse rate)

t Fractional Error
in S
250 psec 155 p~1/2
410 psec (Optimum) 149 B'l/2
500 usec 150 B~1/2
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Case (d) 7 = 155 psec, N;/B = 1 (1000 pps pulse rate)

t Fractional Error
in S
150 psec 207 B-1/2
225 psec (Optimm) 201 B-1/2
300 psec 204 3-1/2

Therefore, although an optimum length for the sampling period
exists, the fractional error in S is quite insensitive to it.
Consider the sensitivity of the fractional error in S as a
function of NO/B. For signal-to-noise ratios of 0.15, 2,

and 4.8 the fractional errors in S were calculated for

t = 250 usec and compared to the results for optimum t (for
each value of NO/B). The value T = 155 usec was assumed in
these calculations. The results are

N_/B | Fractional Error in S
o t = 250 psec  Optimum ¢t

0.15 1220 3°1/2 1210 B-1/2
2 110 37Y/2 130 3°1/2
5 55.6 B1/2 55,3 p-1/2

These results show that, although the fractional error in S
varies strongly with NO/B, the sampling period is not critical,
i.e., for a given No/B the fractional error in S is quite
insensitive to the sampling period.

The above results are important, since in lunar and
planetary applications the thermal neutron lifetime, T, and
the signal-to-noise ratio, NO/B,»are unknown quantities.

For experimental investigations of the iron-sand sample
the length of the sampling period was initially chosen
(when T = 282 psec) to be 200 psec. This duration was selected
because it could be used conveniently with both the 500 pps
and 1000 pps pulse rates. Subsequently, when the anlayzer
sequence switch was available, the length of the sampling
period was changed to 230 pusec. This was done because a capacitor
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yielding this duration was available, while none was available
giving a duration of 250 psec. However, the length of the
sampling period has been shown not to be critical

If one compares the fractional error in S for each of the
four cases using t = 250 psec, B, for the background in the
500 pps pulse rate cases, and 2Bo for the background in the
1000 pps pulse rate cases (for a given sample and given
neutron output per pulse, the background with a 1000 pps
pulse rate will be twice that for a 500 pps pulse rate), the
following results are obtained:

Case Fractional Error
(with t = 250 usec) in S
a 86.9 B_~L/2
©.1/2
b 110 B
0.1/2
c 110 B
©.1/2
d 143 Bo

Thus, for both values of the thermal neutron lifetime the
fractional error in S with the 500 pps pulse rate is about
20 percent lower than with the 1000 pps pulse rate.

In the actual experiment, a true measurement of the
background cannot be obtained, Rather one gets a set of counts
-t/7

CS = NOT(l-e

) + Bt (A-8)
during the counting period immediately following the neutron
pulse and a second set of counts

Cp = NOT e'r/T (et/T-l) + Bt (A-9)

during the "background'" counting period, where r is the time
of the end of the "background" sampling period. Unless Bt
can be measured independently by counting for a significant
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period of time after the end of a neutron pulse, one must
work with the quantity

s'=c_ - (A-10)

which is related to the disired signal S by the expression
-r-t
S'= S(l-e T ). (A-11)

If the fractional error in S' is optimized in the same
manner as for S in order to see what gain can be made by
background subtraction, the following optimum sampling times
for our four cases are obtained

Case Optimum t
a 440 psec
b 250 usec
c 240 usec
d 200 usec

Here a delay time of 250 usec has been assumed so that r = 1750
usec for cases a and ¢ and r = 750 psec for cases b and d. Not
only are these optimum times close to the corresponding times
for the case without background subtraction, but the fractional
errors in S' are very close to those in S. The same situation
as before holds with regard to pulse rate variation. From
equation (A-7) it is seen that the spectral quality index
(the ratio of the capture gamma-ray count rate to the neutron
activation count rate) varies inversely with the pulse rate.
Hence, the spectral quality index for the 500 pps pulse rate
is twice that for the 1000 pps pulse rate,

Conclusions to be drawn from the above results are:
(1) in general, the fractional error in the observed signal is
unaffected by background subtraction; (2) for a given sample,
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pulse rate, and configuration, the fractional error in the
observed signal is relatively insensitive to the length of the
counting period; (3) the spectral quality index is higher and
the fractional error in the observed signal is lower for the
500 pps pulse rate, Therefore, prior knowledge of the thermal
neutron lifetime in the sample and the signal-to-noise ratio
is not necessary for the determination of the length of the
sampling period.
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APPENDIX B

ORIGIN OF THE THERMAL NEUTRON CAPTURE AND
FAST NEUTRON INDUCED GAMMA RAYS

The optimum experimental configuration used to detect
and measure the capture gamma-rays is dependent on the location
of the active volume in the sample. (Active volume means
the volume from which the bulk of the gamma rays that reach
the detector position originate.) Therefore, a series of
calculations was undertaken to determine the active volume
for both the capture gamma rays and the gamma radiation which
results from fast neutron activation of the sample.

Procedure

Once the neutron flux distribution is known, it is
possible to estimate the contribution, ¢i" of each segment
of the sample to the total gamma-ray flux observed at the
detector position, Let us consider the contribution of one
such segment. If we assume that the neutron flux is constant
throughout the segment and that the dimensions of the segment
are small by comparison to the distance to the detector position,

N.K.V.pN o.f,.

P 0 R - (3(5)p5 ] .
059 = TSI e [®)0sy (B-1)
1

where

the ith index refers to the ith segment

1 refers to thermal neutron capture

(-
I

j = 2 refers to fast neutron activation

= contribution to the gamma flux at the detector

location due to the ith segment (v's/cmzsec)

th

V. = volume of the i~ segment (Cm3)
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fij = neutron flux in the ith segment (n/cmzsec)

Ri = distance from the centroid of the segment to the
detector position (cm)

Si = straight-line distance through the sample from
the ith segment to the detector position (cm)

Oj = appropriate neutron cross section (cmz/atom)

Z(E)= attenuation coefficient for §amma rays of energy
E in the sample material (cm™/gm)
K. = intensity of the gamma ray of interest
(v's/n-interaction)
p = density of the sample (gm/cm3)
A = atomic weight of the sample (gm/gm.mole)

No = Avogadro's number (molecules/gm.mole)
Nj = number of atoms of interest per sample molecule
(atoms /molecule)

The ¢i.'s have been evaluated for the following specific
cases: (1) neutron source located 15 cm above the surface
with the detector located 15 cm above the surface and 40 cm
from the neutron source, and (2) neutron source located 5 cm
above the surface with the detector located in several
different positions. In all cases, the calculations were
performed for thermal neutron capture in silicon and 14-MeV
neutron activation of oxygen.

Source 15 cm Above Surface

On the basis of the thermal neutron flux distribution
measured with a 4-cm paraffin reflector and reported in
Figure 9, calculations were performed to determine the active
volume for thermal neutron capture. In a sand sample, only
silicon will contribute to the capture gamma-ray spectrum,
since the thermal capture cross section for oxygen is extremely
small. The capture gamma-ray spectrum of silicon is presented
in Figure 15.
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With the following values for the parameters

27 2

o, = 80 x 107*7 cn®, 5 = 0.0316 cm’/gm at E = 4 MeV,
K ~ 0.5 vy/interaction, vy =1.74 gm/cm3,
A = 60 gm/gmemole, Ny =1 atom/molecule,

equation (B-1) becomes

-5 Vit
¢il = 5.55 x 10 —Ez—— exp E 0.055 S;] . (B-2)
1

The evaluation of equation (B-2) for each of more than one
hundred segments leads to the result that 87 percent of the

capture gamma rays that reach the detector position originate

in the top 20 cm of the sample and 11 percent originate in

the layer 20 to 40 cm below the surface.

Further insight into where the capture gamma rays
originate may be gained by considering the two Zones S and D,
indicated in Figure B-1l. Zone S includes that volume of
sample enclosed by a cylinder centered directly below the
neutron source having a 20 cm radius and a 20 cm thickness.
Zone D encloses a volume of sample identical to that of Zone S
but centered 10 cm horizontally from a point directly below
the detector position and in the direction of the neutron
source. Zone D is found to contribute about 40 percent of the
total capture gamma-ray flux while Zone S contributes only
22 percent. Thus the active volume for the capture gamma rays
includes a relatively small area of the sample directly below
the detector and a depth of about 20 cm,.

The origin of the 14-MeV neutron-induced activity is the

16 reaction.

fast neutron activation of oxygen via the 016(n,p)N
This reaction is potentially a source of interference because
of the high energy gamma rays associated with it (6,13 MeV

and 7.12 MeV), Therefore, it is of interest to determine the

active volume associated with this reaction.
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While the 14-MeV neutron flux distribution was not
measured within the sand sample, a first order approximation
to the distribution can be made by assuming the functional

dependence
<, r. | :
fi9 = rl exp Ek‘ﬂi] R | (B-3)
where
= proportionality constant,
i = distance from the neutron source to the point of
interest (cm),
Ei = straight-line distance through sand between the.
point of origin of the neutron and the p01nt of 1nterest
A = 14-MeV neutron removal coefficient (cm” ). (cm)

The proportionality constant C can be evaluated ﬁsing the
14-MeV result presented in Figure 9,

(fz)l= 2.1 x 10° n/cm2 sec
at r = 15 cm and £ = 0,

Therefore, C = 4.7 x 107.

_ The 14-MeV neutron removal coefficient of the sand
sample was measured using copper foils placed at several
depths below the surface of the sand and was found to be
approximately 0.05 cm'l. Equation (B-3) then becomes

7. N
£, =2l X100 o [005 z] (B-4)
i2 = r

Equation (B-1) may now be written assuming

o, = 42 x 10727 e’ S = 0.027 cm’/gm at 6 MeV,
K =0.68, p =1.74 gm/cm,
A = 60 gm/gme.mole, N, = 2 atoms/molecule,

B-5



¢.9 = 3.73 x 10

i r.R.
i'i

exp E 0.05 £, - 0.047 Si]' (B-5)

The evaluation of equation (B-5) for each segment results
in the conclusion that 83 percent of the oxygen activation
gamma rays that reach the detector position originate in the
top 10 cm of the sample and 11 percent originate in the layer
10 to 20 cm below the surface, If Zones S and D (see Figure B-1)
are once more considered and are again defined as being 20 cm
thick, it is found that Zone D contributes 43 percent while
Zone S contributes only 32 percent. Thus the active volume
of the sample for the 016(n,p)N16
concentrated towards the detector.

reaction tends also to be

For the geometry just considered, i.e., a large S:’LO2
sample with the neutron source located 15 cm above the surface
and the detector located 15 cm above the surface and 40 cm
from the neutron source, the active volumes for the capture
gamma rays and for the oxygen activation gamma rays essentially
coincide., The ratio of the number of silicon capture gamma
rays to the number of oxygen activation gamma rays striking
the crystal is 0.11, Hence, the oxygen activation gamma rays

L | A S, -~ -~ o~ o~ -
will dominate the spectrum,

Source 5 cm Above Surface

On the basis of the measured thermal neutron flux
distribution reported in Figure B-2, calculations were per-
formed to determine the active volume for both thermal neutron
capture and fast activation of oxygen for the following
detector positions: (a) directly above the neutron source,

40 cm above the surface, (b) directly above the neutron source,
50 cm above the surface, (c) 5 cm above the surface, 30 cm
from the neutron source, and (d) 5 cm above the surface, 40 cm
from the neutron source. In cases (a) and (b) the sample
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was divided into 29 segments, and in cases (c¢) and (d) the
sample was divided into 128 segments, Equation (B-2) was
used for the thermal neutron capture in silicon and equation
(B-5), modified for the 14-MeV flux of 1.1 x 106 n/cm” sec
at the surface, was used for the oxygen activation,

The results of the calculations. listed in Table B-1,
indicate that, for all four detector geometries, about 60
percent of the capture gamma rays and about 75 percent of the
oxygen activation gamma rays which reach the detector originate
in the top 8 cm of the sample,

Let Zone S' by a volume of sample enclosed by a cylinder
having a 20 cm radius and a 15 cm thickness and centered
directly below the neutron source, and let Zone D' be a volume
of sample identical to that of Zone S' but centered 10 cm from
a point directly below the detector position and in the direction
of the source. For detector.geometry (c) the calculations
show that Zone S' contributes 29 percent of the total capture
gamma-ray flux while Zone D' contributes 62 percent and Zone S'
contributes 50 percent of the total activation gamma-ray
flux while Zone D' contributes 68 percent. For detector
position (d) Zone S' contributes 16 percent and Zone D' con-
tributes 55 percent of the capture gamma-ray flux; Zone S'
contributes 36 percent and Zone D' contributes 55 percent of
the activation gamma-ray flux,

The above results indicate that, if the detector is
located in a horizontal geometry (i.e., the same height above
the sample as the neutron source), shielding of the detector
from the region of the sample directly below the neutron
source (i.e., Zone S') will improve somewhat the ratio of
capture to activation gamma rays. The calculated ratios of
silicon capture gamma rays to oxygen activation gamma rays
for the four detector positions are 0,073 for detector
position (a), 0.082 for (b), 0.079 for (c), and 0.094 for (d).
Thus, if the gamma rays originating in region S' could be
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Table B-1

ORIGIN OF GAMMA RAYS REACHING THE DETECTOR
WITH SOURCE 5 cm ABOVE SURFACE

Percent of Gamma Rays
Incident on Detector

Detector
Position Layer Capture Activation
(a) 0-2 cm 24 39
2-8 cm 38 41
8-20 cm 29 18
> 20 cm 9 2
(b) » 0-2 cm 22 39
2-8 cm 37 43
8-20 cm 30 16
> 20 cm 11 2
(c) 0-5 cm 53 _ 73
5-15 cm 32 23
15-30 cm 11 4
30-50 cm 4 ——
(d) 0-5 cm 54 74
5-15 cm 33 23
15-30 cm 10 3
30-50 cm 3 -———
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eliminated, the ratios would increase to 0.11 for detector
position (c) and 0.12 for detector position (d).

The ratios of iron capture gamma rays to oxygen activation
gamma rays were calculated for iron-sand-sample 2 and detector
positions (a), (b), and (c). The results are 0.21 for detector
position (a)(the measured value with a detector 37 cm above
the sample was 0.15), 0.084 for detector position (b)(the
measured value with a detector 52 cm above the sample was
0.087), and 0.28 for detector position (c)(the measured value
with a detector 37 cm from the target and 5 cm above the
sample was 0.31). This agreement between the calculated and
experimental results is considered to be quite good.
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APPENDIX C
SAMPLE OF DIGITAL DATA

Digital Data for Figure 27

Capture Gamma-Ray Spectrum of Iron-Sand Sample Obtained Using
Sandia Geometry With 4 cm Paraffin Above Target
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Digital Data for Figure 29

Capture Gamma-Ray Spectrum of Iron-Sand Sample Obtained Using
Sandia Geometry With 4 cm Boronated Paraffin Above Target
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